Abstract. The addition of another electrochromic component has been considered to be an important way to obtain multicolor film. Herein, we fabricated the composite films containing polyoxometalate (POM) clusters, auxiliary materials and polyelectrolyte on quartz and FTO substrates by layer-by-layer assemble method (LbL). The composite film shows high optical contrast, suitable response time and low operation potential. The interesting feature of the electrochromic film is its adjustable color by reduction of polyoxometalate at different potentials. The results provide valuable information for exploring application in tunable-color electrochromic devices.
Introduction
Electrochromic materials that change their optical properties during electrochemical oxidation and reduction have displayed great potential for applications such as smart windows, antiglare mirrors and displays [1, 2] . Recently, much effort has been dedicated to the improvement of the electrochromic properties including optical contrast, coloration efficiency and multicolor. However, there are only a few examples of materials that report on having multicolor electrochromic properties. Polyoxometalates (POMs), a well-known class of transition metal oxide nanoclusters with intriguing structures and diverse properties, have attracted increasing attention [3, 4] . However, in comparison with a larger number of researches on other electrochromic compounds, such as transition metal oxides, Prussian blue, viologens and conductive polymers, the study of electrochromism of POMs has been rarely reported.
In recent years, the layer-by-layer (LbL) method relied on alternately electrostatic adsorption of oppositely charged species has been widely utilized to fabricated composite films [5. ]. There were many reports the POMs immobilized in the composite films by the LbL method [6, 7] 2 ] 30 (phen = 1,10-phenithroline) [8] . These films displayed tunable colors by applying different potentials, suggesting that more auxiliary materials should be incorporated into the films to construct multicolor materials.
In this paper, we incorporated auxiliary materials (metryl orange or neutral red) and POM composite film by the LbL method. The composite film demonstrates tunable color depending on the extent of the reduction of POM with different applied potentials. Furthermore, the performance of high optical contrast, suitable response time, low operation potential and tunable color should be promising to meet the requirement for developing fexible electrochromic devices.
Experimental details
POM was prepared according to the literature method and identified by UV-vis absorption spectra. Poly(styrenesulfonate) (PSS),poly(ethylene imine) (PEI), metryl orange (MO) and neutral red (NR) were of analytical grade and used without further purification. F-doped SnO 2 transparent conducting glass substrates (FTO) were purchased from Yingkou OPV Tech New Energy Co., Ltd (7-8 Ω -1 ). Layer-by-layer films were assembled onto FTO-coated glass and quartz substrates. First, the substrates were immersed into PEI solution (1 × 10 -4 M) for 2 h. Then the PEI-supported substrates were alternately dipped into the PSS (5 × 10 -3 M), PEI (5 × 10 -3 M), POM (1× 10 -2 M) and metryl orange (1× 10 -3 M) solution for 10 min. After deposition of each layer, the substrates were rinsed with deionized water after each dipping. Repeat the above process until the desired number of composite film (referred to as POM-MO) was obtained. For comparison, POM-NR film was also prepared on an FTO substrate by the same method.
Scanning electron micrographs (SEM) were obtained with a Hitachi S-4800 instrument. UV-vis absorption spectra were recorded on Varian Cary 50 Conc UV-vis spectrophotometer. All the electrochemical experiments were performed on the CHI 605C electrochemical workstation (Shanghai Chenhua Instrument Factory, China). The electrolyte was 1× 10 -4 M NaAc-HAc (pH = 3.5).
Results and discussion
The composite film was assembled onto FTO-coated glass via ionic attraction of oppositely charged POM, MO, PSS and PEI (see the inset in Fig. 1 ). UV-vis spectroscopy was used to monitor the layer-by-layer assembling process of POM-MO composite films owing to its facility and usefulness in evaluating the growth process of the layers. Fig. 1 shows UV-vis transmittance spectra of POM-MO (number of layer: 1-6) assembled on a quartz substrate. The film displays transmittance peak at 280 nm, which results from an overlap of POM (282 nm) and MO (272 nm). The result suggested that the POM, MO and PSS and PEI were constantly deposited in the composite film. Cyclic voltammograms (CV) was used to monitor the electrochemical behavior of the films. Fig.  2a shows the CV of the POM solution using a glassy carbon as the working electrode with a scan rate of 50 mV/s. four pairs of reversible redox peaks (c 1 /a 1 , c 2 /a 2 , c 3 /a 3 and c 4 /a 4 ) are observed, which correspond to four recersible (one-, one-, two-and two-electron) reduction processes. Fig. 2b displays the CV of the as-prepared POM-MO film. The film exhibit four couples of redox waves, which is similar to the CV curve of the POM solution.
The electrochromic properties of the POM-MO film were investigated by double potential experiments as well as absorption measurements. The optical contrast is probably the most important parameter in evaluating electrochromic materials. Fig. 3 displays the current and transmittance of the POM-MO film at 650 nm under a square wave potential of -1.0 V and +1.0 V. As shown in Fig. 3 , the optical contrast of the composite film is 31.0%. Then response time is defined as the requirement for 90% of the total absorbance change to be reached. The switching times were 2.4 s for coloration and 3.1 s for bleaching. Fig. 4a , with decreasing potential, the transmittance decreases gradually, the coloration degree deepens and the maximum transmittance peak changes. Upon electrochemical reduction, POM exhibits blue color, meanwhile, a broad transmittance band with a maximum at approximately 650 nm is observed. When more negative potentials are applied, the POM is reduced to different extent of blue colors, mixed with yellow of MO, to display yellow, light blue and dark blue, respectively. In comparison, the NR displays deep pink without applying potential for the POM-NR film (Fig.  4b) . When more negative potentials are applied, the POM is reduced to different extent of blue color, mixed with deep pink color of NR cations, to show deep pink, light purple, dark purple-blue, respectively.
Conclusion
In conclusion, the nanocomposite material composed of POM, MO, PEI and PSS was successfully fabricated using LbL assembly method. The composite film is found to switch from yellow to dark blue, because POM is reduced to different extent blue colors, mixed with yellow of MO. In addition, the composite film displays high electrochromic properties with high optical contrast and suitable response time. Therefore, the composite film based on POM and MO with multicolor electrochromic properties could become a promising candidate for possible applications in electrochromic devices.
